We compared the quality of debridement of chondral lesions performed by four arthroscopic (SH, shaver; CU, curette; SHCU, shaver and curette; BP, bipolar electrodes) and one open technique (OPEN, scalpel and curette) which are used prior to autologous chondrocyte implantation (ACI). The ex vivo simulation of all five techniques was carried out on six juvenile equine stifle joints. The OPEN, SH and SHCU techniques were tested on knees harvested from six adult human cadavers.
Debridement of cartilage lesions before autologous chondrocyte implantation by open or transarthroscopic techniques
We compared the quality of debridement of chondral lesions performed by four arthroscopic (SH, shaver; CU, curette; SHCU, shaver and curette; BP, bipolar electrodes) and one open technique (OPEN, scalpel and curette) which are used prior to autologous chondrocyte implantation (ACI). The ex vivo simulation of all five techniques was carried out on six juvenile equine stifle joints. The OPEN, SH and SHCU techniques were tested on knees harvested from six adult human cadavers.
The most vertical walls with the least adjacent damage to cartilage were obtained with the OPEN technique. The CU and SHCU methods gave inferior, but still acceptable results whereas the SH technique alone resulted in a crater-like defect and the BP method undermined the cartilage wall. The subchondral bone was severely violated in all the equine samples which might have been peculiar to this model. The predominant depth of the debridement in the adult human samples was at the level of the calcified cartilage. Some minor penetrations of the subchondral end-plate were induced regardless of the instrumentation used.
Our study suggests that not all routine arthroscopic instruments are suitable for the preparation of a defect for ACI. We have shown that the preferred debridement technique is either open or arthroscopically-assisted manual curettage. The use of juvenile equine stifles was not appropriate for the study of the cartilage-subchondral bone interface.
The limited potential of mature articular cartilage for healing has led to the introduction of contemporary techniques of cartilage repair. The number of patients treated by autologous chondrocyte implantation (ACI) of cells cultivated ex vivo has been increasing since 1994, when Brittberg et al 1 published the first clinical results. The classical ACI technique which relies on the cell suspension being injected under a sutured periosteal cover, 2 has been replaced increasingly by matrix-based ACI (MACI) which allows a less invasive operative approach. 3 In spite of improvements in cell delivery and fixation, debridement of the lesion has remained the initial part of any chondrocyte implantation procedure. [4] [5] [6] [7] [8] The goal of debridement is to create a contained chondral lesion by removing any remaining fibrous and other degenerative tissue. The lateral walls of a debrided lesion should be vertical and they should consist of healthy cartilage to ensure appropriate shouldering of the graft and to secure attachment of marginal sutures. 1, [9] [10] [11] [12] Additionally, in order to avoid bleeding from the subchondral sinusoids the debridement must not violate the subchondral end-plate. Debridement combined with conventional ACI is typically performed openly using a scalpel to define the wall of the lesion with the cut directly down to the bone and curettage to scrape away the debrided tissu. 9, 11, 13 The instruments used for debridement in less-invasive chondrocyte implantations include modified curettes, mechanical shavers and abraders and even bipolar radiofrequency electrodes. 8, [14] [15] [16] [17] The balance between thorough or over-exaggerated debridement is believed to be important for the quality of the repair tissue. Inadequate debridement generates a partialthickness chondral lesion which has nonshouldered lateral walls of degenerative cartilage, while excessive debridement produces abrasion of the subchondral end-plate and also unnecessary injury to the adjoining cartilage. 1, 13, 18, 19 Frisbie et al 20 showed that in horses calcified cartilage could be delineated from non-calcified zones during arthroscopy with the combination of a special microarthoscopic measuring device, and spoon curettes of size 0 or 00. Since these devices are not used in routine clinical work, surgeons have to rely on some subjective criteria to assess when the debridement is complete. These are typically basic and include removal of all the non-glassy or yellowish tissue down to the bone extending laterally to the normal cartilage without any bleeding being observed from the base of the lesion upon release of the tourniquet. [11] [12] [13] Our aim was to compare the quality of debridement of the lesion in the articular cartilage obtained using different techniques which might be used in combination with classical or MACI.
Materials and Methods
Osteochondral preparation. The protocol was authorised by the National Medical Ethics Committee (No. 74/12/ 01). Osteochondral defects were created in both parts of the study. Osteochondral blocks, approximately 2.5 cm in diameter and 1 cm in depth, were used in both parts of the study. For the first part of the study, condyles and trochleas of stifle joints of juvenile equine animals aged between 1.0 and 1.5 years were obtained fresh from the local abattoir. In the second part non-preserved human cadaveric femoral condyles were procured from six healthy adult male donors aged between 38 and 53 years at post-mortem within 30 hours of death from a traumatic event. The procured knees were uninjured and the articular surfaces were macroscopically intact. In both settings an oval cartilage lesion measuring 1.5 cm by 1.0 cm was defined on the cartilage surface of every procured sample using a permanent ink marker. The aim of the subsequent interventions was to debride the marked surface into a contained full-thickness chondral lesion. The following criteria were used to define an adequately prepared defect, namely, removal of all white glassy chondral tissue, leaving subchondral bone intact, and the creation of margins which were vertical to the adjacent intact articular cartilage. Debridement techniques. The marked osteochondral blocks were fixed into a rubber-faced metal clamp at the bone margins leaving the cartilage exposed to allow further operative manipulation on its surface. One sample in each set was left uncovered, but was kept moist at all times to stimulate an open knee procedure. The other four samples served for the simulation of arthroscopic debridement of the articular surface to produce the chondral defect. They were fixed into a small non-transparent plastic container (200 ml) filled with Ringer lactate solution which completely covered the sample. Two parallel incisions 1 cm long and positioned 5 cm apart, were made in the central part of the soft lid of the container to represent arthroscopic portals. The left-hand portal was used for the Olympus OTV-S7 arthroscope (Shirakawa Olympus, Fukushima, Japan), and the right-hand portal for the introduction of various cartilage debridement tools. Five techniques of debridement were tested on the equine material as follows: 1) OPEN. The procedure was performed under direct visualisation. The marked area was first sharply dissected using a scalpel at the defined borders and the central part was then scraped away using a 5.4 mm ring-curette (Arthrex, Naples, Florida).
2) Shaver (SH). The procedure was performed arthroscopically. A 4.5 mm rotatable curved full-radius blade (Orbit; Smith and Nephew Endoscopy, Andower, Massachussets) was used with the rotational (walls) or oscillating (central part) mode at 2000 cycles per minute.
3) Curette (CU). The procedure was performed arthroscopically. The marked area was removed using a 5.4 mm ring-curette (Arthrex).
4) Shaver and curette (SHCU). The procedure was performed arthroscopically. The cartilage in the central part of the lesion was first abraded away using a 4.5 mm rotatable curved full-radius blade (Orbit; Smith and Nephew Endoscopy) in the oscillating mode at 2000 cycles per minute. The removal of the lateral walls followed using the 5.4 mm ringcurette (Arthrex).
5) Bipolar electrodes (BP). The procedure was performed arthroscopically. A VAPR3 radiofrequency device (DePuy Mitek, Norwood, Massachussets) was used with the energy settings at 120/90. The walls of the lesion were defined using a 3.5 mm VAPR 90 degree hook electrode, while the central part was debrided by the 3.5 mm VAPR side-effect electrode (both produced for DePuy Mitek by Gyrus Medical, Cardiff, United Kingdom).
For human cadaver material only the OPEN, CU and SHCU methods were applied.
The procedures were carried out alternately by two orthopaedic surgeons (MD, KS) experienced in arthroscopic surgery and ACI. Both were present throughout the experiment and their mutual agreement was required to define completion of the debridement. Each technique was performed once on the material from one knee. There were five techniques tested on the equine material and three on the human tissue. Histological evaluation. After debridement of the simulated chondral defects the tissue samples were fixed in 10% buffered formalin for 72 hours and decalcified. Each sample was cut transversely and parallel tissue blocks 5 mm thick were prepared and embedded in paraffin. Each block was cut into serial sections at intervals of 0.5 mm. They were stained with haematoxylin and eosin and trichrome Masson. The sections showed the transverse plane of the lesions consisting of subchondral bone at the base and cartilage lateral walls on each side. A pathologist (AC) blinded to the method used for debridement screened all the sections under the light microscope and evaluated them according to the criteria given in Table I . Statistical analysis. Both experiments were analysed separately using the non-parametric Kruskal-Wallis test, followed by a pair-wise comparison by the Mann-Whitney U test with the level of significance set at p ≤ 0.05. The analyses were undertaken using SPSS version 15.0 for Windows statistical software (SPSS Inc., Chicago, Illinois).
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Results
An important histological difference between the juvenile equine and adult human samples at the cartilage-bone interface was seen in those parts of the specimens not used for creating the defects. In the equine samples there was a direct transition between the deep zone of the cartilage and the subchondral bone. The tide-mark and calcified cartilaginous layer seen in the human specimens were not seen in the equine samples.
The details of the equine results are presented in Table II . The OPEN method produced the most vertical lateral walls (median outer angle 104°, median inner angle 112°), the SH technique caused a crater-like shape (median outer angle 131°, median inner angle 138°) and the BP technique induced thermal damage which resulted in cartilage undermining (median outer angle 64°, median inner angle 130°) at the margins. In addition, the SH method injured the surrounding cartilage giving partial-thickness abrasions in the vicinity of the main lesion. These were encountered in 41% of the samples. In all five tested techniques, some intense abrasion of subchondral bone occurred with severe opening of blood sinusoids which was least marked in the OPEN and BP methods with 45% and 62% of the cartilage spared in each, respectively. The bone surface was deformed with the production of a central bump when arthroscopic curettage was applied (CU 68% and SHCU 30% of slices) whereas the SH technique induced a crater-like deformity with a central depression (42% of analysed slices). The CU and SHCU methods perfomed equally for all the evaluated criteria. Typical examples of these results are presented in Figure 1 .
In the human samples (Table III) the OPEN methods produced more vertical lateral walls because of the significantly lower (Kruskal-Wallis test, p = 0.002) median inner angle (106°) of the lesion compared with the CU (122°) and SHCU (117°) methods. The median values of the outer angles of the lesion were similar in all three methods: OPEN 103°, CU 107°, and SHCU 106°. With the OPEN method there was intact surrounding cartilage in all samples, while the other two techniques tended to induce (Kruskal-Wallis test, p = 0.060) minor injuries adjacent to the lesion: 22% of CU and 8% of SHCU slices showed solitary clefts. The vertical walls of the lesion had a similar profile mainly graded as straight and flat (OPEN 83%, CU 89%, SHCU 81%). The predominant depth of the debrided lesion was to the level of the calcified cartilage. However, the OPEN method preserved significantly more (Kruskal-Wallis test, p = 0.036) of the deep zone and tide-mark (36%) than did the CU (10%) or SHCU techniques (11%). A key difference in the human experiment was that there was a very low rate of subchondral sinusoids contact regardless of the technique used. Although some microfractures were always present (median 2.0 per section in any of the techniques), they were small and shallow with a diameter of 50 μm. The bone-surface profile was graded as straight and flat in all the analysed sections as shown in Figure 2 .
Discussion
Our findings showed that open or arthroscopically-assisted manual curettage was better than the mechanical shaving or the bipolar-electrode technique in producing debrided lesions with margins perpendicular to the subchondral bone and a lesion cleared of residual material to the depth of the subchondral bone. However, the properties at the cartilage-bone interface were dissimilar in the equine samples in comparison with the adult human specimens. Debridement of the cartilage lesion is the first step of every classical ACI or MACI. 1, [5] [6] [7] [8] 17 The damaged and degenerative tissue should be thoroughly removed without violating the subchondral end-plate, leaving behind a contained and well-shouldered area suitable for marginal suturing of periosteum or membrane, or direct implantation of a cell-matrix compound. However, occasional minor bleeding from the subchondral base can occur which can be managed by electrocautery or by local application of epinephrine, fibrin sealant or haemostatic sponges. [9] [10] [11] [12] [13] 21 If debridement extensively damages the subchondral endplate or if a primary osteochondral lesion deeper than 7 mm to 8 mm is encountered, a sandwich ACI technique is recommended. [9] [10] [11] [12] [13] 21 The recommendation of intact subchondral sinusoids has been challenged recently, since some authors have deliberately abraded deep into the 
THE JOURNAL OF BONE AND JOINT SURGERY subchondral area to ensure a better stability of the graft. 16, 22 Although the debridement is believed to be one of the crucial parts in ACI, this step is regulated entirely by the surgeon and has not been studied in detail. In animal studies on ACI acute lesions have been mostly created on otherwise healthy joints using a variety of instruments, which have been compared in the same experiment. Care has been taken to prevent end-plate injury.
2,23-31 Without a specific instrument to control the depth of the debridement in small mammals it is difficult to ensure that a fullthickness chondral lesion is produced rather than an osteochondral lesion. 32, 33 The cartilage in equine stifle joints most closely resembles human articular cartilage at the knee and was therefore selected for our study. 30, 32, 34 However, since our animals were not completely skeletally mature the continuous barrier of hard calcified cartilage had not been formed which might have accounted for the occurrence of abrasion deep into the softer subchondral bone regardless of the technique applied. The equine samples were only relevant for evaluation of the chondral wall analyses, while the human tissue served for the detailed evaluation of depth of the debridement.
The classical open combination of scalpel and curettage provided the best quality of debridement. Manual curettage under arthroscopic control, used either alone or in combination with shaving of the central part of the lesion, was also acceptable for clinical application.
Our study was undertaken using normal healthy cartilage. This should have allowed each technique to reveal the best achievable result. In the clinical situation with a chronic lesion located at the border of the articular surface, which has undergone previous interventions, it can be difficult to produce a debrided lesion with vertical and smooth walls with full containment and no access to the subchondral sinusoids. 35, 36 No criteria for evaluating the empty chondral lesion has been previously described. We have attempted to illustrate the main characteristics of the lesion. We believe that the two most important criteria for the formation of repair tissue are the angles of the lesion and the depth of the debridement. These were analysed quantitatively. The histological methods which we used did not permit a study of cell death or apoptosis. 37 However, the observed differences between techniques were evident from the gross tissue morphology.
In conclusion, our ex vivo study showed the superiority of manual curettage in an open or arthroscopic setting. The solitary use of a motorised shaver or bipolar electrodes should be avoided. The greatest depth of the free-hand debridement under direct vision or arthroscopic control in the tissues harvested from normal adult human cadavers was at the level of the calcified zone. Minor access to the subchondral sinusoids occurred, but the clinical importance remains unclear. Animal models used in cartilage repair must be properly selected because of the significant differences at the cartilage-bone interface compared with the adult human.
Photomicrographs of the appearance of chondral lesions in human femoral condyles debrided by the OPEN and two arthroscopic techniques showing a) the OPEN technique which provided a more vertical wall and greater preservation of the tide-mark, b) the CU method, and c) the SHCU method. A small number of minute sinusoid openings occurred regardless of the technique used (right upper image) (haematoxylin and eosin; horizontal bar distance 0.5 mm, x 6.3). 
